Background: Six distinct genetic variants (genotypes 1 − 6) of hepatitis C virus (HCV) exist globally. Certain genotypes are more prevalent in particular countries or regions than in others but, globally, genotype 3 (GT3) is the second most common. Patients infected with HCV GT1, 2, 4, 5 or 6 recover to a greater extent, as measured by sustained virological response (SVR), following treatment with regimens based on direct-acting antivirals (DAAs) than after treatment with older regimens based on pegylated interferon (Peg-IFN). GT3, however, is regarded as being more difficult to treat as it is a relatively aggressive genotype, associated with greater liver damage and cancer risk; some subgroups of patients with GT3 infection are less responsive to current licensed DAA treatments. Newer DAAs have become available or are in development.
Background
Hepatitis C is a persistent viral infection of the liver which, if left untreated, may progress to cirrhosis, decompensated cirrhosis and hepatocellular carcinoma. Six known genotypes of hepatitis C virus (HCV) exist, with genotype 1 (GT1) the most predominant in the USA and Europe. Treatment of GT1 infection results in lower treatment responses with pegylated interferon (Peg-IFN) and ribavirin (RBV) compared to genotype 2 (GT2) and genotype 3 (GT3) infection [1] [2] [3] . However, the development of first-and second-generation, direct-acting antiviral (DAA) agents has resulted in almost universal improved sustained virological response (SVR) rates for patients with HCV GT1, 2, 4, 5 and 6. As such, the unmet need has now shifted towards the treatment of GT3 infections.
GT3 is the second most common HCV genotype globally, accounting for 18% of all adult HCV infections [4] . Despite originally being grouped therapeutically, there is increasing evidence to suggest that HCV GT2 and GT3 are clinically distinct. Patients with HCV GT3 infection have a greater risk of developing hepatic steatosis, more rapid progression of hepatic fibrosis and cirrhosis, and hepatocellular carcinoma; they are also less responsive to Peg-IFN-based treatment than are patients with HCV GT2 infection [5, 6] .
Patients with chronic HCV GT3 thus have relatively aggressive disease, and subgroups are less responsive to currently licensed DAA treatments; improved strategies to treat and manage HCV GT3 are needed. The challenges associated with identifying the most appropriate regimen for this genotype are complicated by the large body of data. Furthermore, considerable heterogeneity exists between the population composition and outcomes of clinical trials, and findings obtained in clinical practice (i.e. as assessed in observational studies and registries) [7] . The robust systematic literature review reported here aims to summarise all the relevant data available to support optimum treatment decisions for patients with GT3 disease. The focus of the review is to assess the clinical effectiveness of licensed antiviral therapies in the treatment of chronic HCV GT3, as well as new, or newly licensed, treatments, comprising glecaprevir (GLE; formerly ABT-493) plus pibrentasvir (PIB; ABT-530), uprisofbuvir (MK-3682), ruzasvir (RZR; MK-8408), and voxilaprevir (VOX; GS-9857). A careful analysis of the optimal use of RBV was also required, given its additional side effects in combination with DAA regimens, and is included here. The review excludes the outcomes of regimens containing alisporivir, albuferon, consensus interferon, and lambda interferon. Reasons for these exclusions included relatively limited data for each treatment, or experimental, unapproved practices reported in the source material.
The previous standard of care for treating HCV GT3 was pegylated interferon (Peg-IFN) + RBV [1] [2] [3] , but current guidance, e.g. that of the European Association for the Study of the Liver (EASL), recommends either velpatasvir (VEL) + sofosbuvir (SOF) ± RBV or daclatasvir (DCV) + SOF ± RBV as first-line therapy, with RBV administration dependent upon treatment experience and cirrhotic status [8] . Other relevant guidelines include those of the World Health Organization (WHO) and the American Association for the Study of Liver Diseases (AASLD) [9, 10] . Most DAAs were originally developed using GT1 replicon models; full-length GT1 and GT2 HCV genomes capable of recapitulating the complete virus life cycle in vitro have only recently been developed [11] . Perhaps therefore, relative shortcomings in treatment results with GT3 versus GT1 and GT2 were observed with the first protease and NS5A inhibitors. Indeed, GT3 has been recognised as being a more difficult genotype to treat than GT1 or GT2 [12] . Given that the biology of GT3 is different from GT1, with more rapid progression, steatosis, higher rates of cirrhosis and primary liver cancer [5, 6] , optimal treatments are required. Our analysis systematically examines current data with the goal of establishing optimal regimens and the necessity (or otherwise) of including RBV for different categories of patients with HCV GT3 infection.
Methods

Study identification
A comprehensive search strategy was designed in accordance with the PRISMA guidelines [13] to identify clinical trials or observational studies providing efficacy data on current antiviral therapies for HCV GT3. Published studies that reported SVR rates at 4 weeks (SVR4), 12 weeks (SVR12) and/or 24 weeks (SVR24) post-treatment in patients with, specifically, chronic HCV GT3 infection were identified and retrieved from indexed databases and grey literature sources. Studies comprising a mixture of genotypes that failed to report GT3-specific data were not included.
A search of the literature published in indexed databases (PubMed, Medline In-Process, and Embase) within the last 5 years (February 2011 to May 2016) was conducted using the search strategy presented in Additional file 1: Table S1 (Search terms in PubMed and Medline in Process) and Additional file 2: Table S2 (Search Terms in Embase). The search of indexed literature was supplemented with a search of five non-indexed (grey) literature sources, comprising annual conferences of the AASLD, Asian Pacific Association for the Study of the Liver (APASL), Conference on Retroviruses and Opportunistic Infections (CROI), EASL, and WHO, restricted to a 1-year period (April 2015 to May 2016). A one-year timeframe was chosen since it was assumed likely that key information presented at congresses would be published in manuscript format within a year and would, thereafter, be ascertained by the literature review.
Eligibility of studies for inclusion
Bibliographic details and abstracts of all citations retrieved by database and grey literature searches were downloaded into EndNote version X7. Any duplicated citations were excluded before first-pass screening. Citations (titles and abstracts) were screened for eligibility by a single reviewer, based on the inclusion and exclusion criteria provided in Table 1 . Studies that did not meet the inclusion criteria were checked by a second reviewer, to reduce the possibility of excluding a relevant report. Subgroups of particular interest comprised HCV GT3 patients with cirrhosis, prior treatment failure, and HIV co-infection, although a greater range of patient types was included in the studies identified and from which data were extracted prior to analysis for the review (Tables 1 and 2) .
Data extraction from citations
Full texts (including congress abstracts, posters and other congress communications) of citations deemed relevant during title and abstract screening were retrieved for second-pass review. These were assessed for eligibility by a single reviewer, with excluded studies checked by a second reviewer. For all eligible studies, data relevant to study design, trial characteristics, patient characteristics, disease characteristics and treatment outcomes were extracted, as detailed in Table 2 .
Overlapping reports (multiple citations describing a single study) were identified based on matching study names and/or trial numbers, settings, and authors. Sample sizes, years of data collection, and other study characteristics were compared between each citation, to select the most complete and informative data available for extraction. Data were extracted by a single reviewer into Microsoft Excel tables, which were checked by a second reviewer. Reviewers completed data extraction for all fields and noted where data in the relevant field was not reported.
Analysis of extracted data
For the purposes of this systematic review, analysis of the extracted data focused on a subset of the data containing current treatments tested against HCV GT3 in phase 2 and phase 3 trials and/or real-world studies. These treatments comprised licensed DAAs, including daclatasvir (DCV), elbasvir (EBR), grazoprevir (GZR), pegylated interferon (Peg-IFN), ledipasvir (LDV), ombitasvir (OBV), sofosbuvir (SOF) or SOF-containing, velpatasvir (VEL), as well as new, unlicensed treatments applicable to HCV GT3, including glecaprevir (GLE), pibrentasvir (PIB), MK-3682 (uprofosbuvir), ruzasvir (RZR), and voxilaprevir (VOX). Combinations of these agents with and without RBV, and for all treatment durations except 4 weeks, were also included in the analysis ( Table 3 ). The licensed regimens selected for analysis were those most commonly used in clinical practice. Recently published phase 3 abstract data, beyond the cutoff date (e.g. November 2016, AASLD), could not be included. Although this review focuses on 
Statistical methodology
Where only two of the three SVR parameters (number followed up, number achieving SVR, percentage achieving SVR) were reported, the remaining value was imputed arithmetically prior to any reporting or analysis. Where SVR12 was not available, SVR24 was used; SVR4 was incorporated into the full dataset but not used in the analysis for this review. Treatments were grouped into categories; treatment arms were pooled by category within each study prior to analysis at each level of detail. Pooled estimates and confidence intervals (CIs) were produced using the metaprop function within the R meta package (http://meta-analysis-with-r.org//), using the Freeman-Tukey double arcsine transformation [14] , which performs well for percentages approaching either 0 or 100 [15] . Heterogeneity across studies was quantified using the I 2 statistic [16] ; a value of 0% indicates no observed heterogeneity, and larger values show increasing heterogeneity [17] . The outputs supporting the forest plots include individual CIs using the Clopper-Pearson method [18] , which is the default method in the package used.
Results
Studies identified
Using the search strategies outlined in the Additional file 1: Table S1 and Additional file 2: Table S2 , a total of 2186 publications were identified through indexed databases, and an additional 65 citations were retrieved from grey literature sources. Following the removal of duplicate citations and first-pass screening of titles and abstracts, 792 publications were retrieved for full text review. Of these, 413 were excluded during second-pass screening; the primary reason for exclusion was that SVR rates in a HCV GT3-specific population were not reported. Studies which did not report GT3 cohort size were also excluded. One citation was identified from the bibliography of a published systematic review [19, 20] and considered eligible; therefore, a total of 379 publications were included in this study. The number of citations included at each stage of the systematic review is shown in Fig. 1 , and a complete list of eligible citations is provided as Additional file 3: List 1. The 379 eligible publications reported SVR data for a wide range of regimens in 273 prospective and retrospective studies, comprising 76 clinical trials and 194 real-world datasets. Where different analyses of the same data were presented in abstracts from different congresses, the most complete dataset was used (this approach led to third-pass exclusion of duplicated data).
The 379 publications reported SVR data for HCV GT3 patients within 721 different study cohorts, treatment arms and/or patient subpopulations. The baseline sample size of HCV GT3 patients reported in these cohorts ranged from 1 to 2106 patients, and baseline patient characteristics were heterogeneous across cohorts. Excluding specific subgroup analyses, baseline characteristics for studies varied substantially for proportions of male (20 to 96%), Caucasian (38 to 98%) and Asian (2 to 58%) patients enrolled. Where reported, body-mass index ranged from 21.3 to 49 kg/m 2 (mean or median) and HCV RNA viral load ranged between2.03 to 7.5 log 10 IU/mL (mean or median) across treatment arms, subpopulations and/or whole study across cohorts. In addition to mixed populations, eligible studies also reported SVR data for one or more of the following patient subpopulations: treatment-naïve (272 cohorts); treatment-experienced (121 cohorts); noncirrhotic (147 cohorts); cirrhotic (127 cohorts); prior liver transplant (27 cohorts); HIV co-infection (49 cohorts). In this analysis, cohorts were considered non-cirrhotic if 0% of patients were cirrhotic. However, it should be noted that cirrhosis was heterogeneously defined across the studies analysed. The forest plot of clinical trial data does not include any stratification into patient subgroups (please see Table 4 and Additional file 4: Figure S1 , Additional file 5: Figure S2 and Additional file 6: Figure S3 for SVR12 stratification by patient subgroup) but, purely in terms of SVR12 ≥ 90%, of the all-oral regimens, the efficacy of the DCV-and VEL-based regimens supports and reinforces their recommendation by guidelines. Other potentially promising regimens include GZR + EBR + SOF or OBV + PTV/r + SOF. Importantly, PIB + GLE and SOF + VEL + VOX have received marketing authorization and offer SVR12 rates consistently higher than 95%. The GZR + RZR + MK-3682 combination was included as in development at the time of the analysis, although development was halted on 29 September 2017 [21] . The triple-regimen of Peg-IFN + SOF + RBV appears to be a viable interferon-containing option in HCV GT3, but is precluded in increasing numbers of patients. Protease inhibitor-based regimens would also be precluded in patients with decompensated cirrhosis.
SVR rates by regimen: clinical trial and real-world data
Real-world treatment outcomes are reported in significant numbers of patients for the DCV + SOF, Peg-IFN, and SOF + RBV treatments. Although slightly lower overall SVR rates are reported, the results reflect corresponding clinical trial data (Fig. 2) in terms of which treatments are most likely to achieve good responses. In the cases of DCV + SOF ± RBV and Peg-IFN + SOF + RBV, the SVR rates in the real-world studies also seem to approach the rates seen in clinical trials. DCVcontaining regimen studies and LDV-containing regimen studies contain many patients from compassionate use/ early access programmes, who tended to have more severe liver disease. This could explain some of the differences seen between the SVR rates reported in clinical trial and real-world datasets for the LDV-containing regimen. Table 4 and Additional file 4: Figure S1 , Additional file 5: Figure S2 and Additional file 6: Figure S3 show patient subgroup stratifications for each of the regimens presented in the clinical-trial forest plot (Fig. 2) . As expected, the addition of RBV to combinations of SOF and an NS5A inhibitor seems to improve SVR rates in patients on LDV and in cirrhotic patients on VEL + SOF or DCV + SOF. There appears to be a gap in knowledge of outcomes when the new GZR regimens are used with RBV. The discrepancy between the SOF + RBV HIV-positive and -negative patients was probably due to differences in the treatment duration between the two groups; studies which reported SVR rates by HIV status tended to be 12-week treatment duration for HIVnegative patients (e.g. FUSION, POSITRON, FISSION) [22, 23] and 24-week treatment duration for HIVpositive patients (e.g. PHOTON 1, PHOTON 2) [24] . PHOTON 1 had HIV/HCV co-infected patients in 12and 24-week arms, with the patients in the 24-week arms achieving SVR rates of higher than 83% compared to higher than 63% in the 12-week arm. Table 5 and Additional file 7: Figure S4 , Additional file 8: Figure S5 and Additional file 9: Figure S6 show patient subgroup stratifications for each of the regimens presented in the forest plot of real-world data (Fig. 3) .
Sub-analyses of clinical trial and observational study regimens
The positive effect seen in clinical trials for adding RBV to DCV + SOF in cirrhotic patients is not seen in the realworld studies. This finding probably reflects the fact that the duration of treatment was often 24 weeks in the realworld studies versus 12 weeks in the trials, with the addition of RBV having a larger impact on SVR when the duration of treatment was shorter. The LDV data are from the UK early access programme, which was made up mainly of patients with decompensated cirrhosis.
Discussion
A recent, large-scale systematic review estimated that, globally, GT1 accounts for 49% of all adult HCV infections, followed by GT3 (18%), GT4 (17%), GT2 (11%), GT5 (2%) and GT6 (1%). However, substantial regional variations in rates occur; GT3 is most prevalent in South Asia (67%) with rates of 54 and 79% seen in India and Pakistan, respectively. GT3 also has high prevalence in Australasia (36%), Tropical Latin America (30%), and Western Europe (29%) [4] . These rates indicate that HCV GT3 infection affects substantial numbers of people and demands attention.
Our detailed analysis supports the current evidencebased guidelines (e.g. EASL [8] ) that SOF + DCV, and SOF + VEL, are effective treatments for GT3, having been studied with and without RBV for various durations. However, we found very few reports to compare outcomes after 12 weeks versus 24 weeks (more specifically, 12 weeks with RBV vs. 24 weeks without RBV). Not all the studies were informative: the comparison between 12 and 24 weeks of DCV + SOF was diminished by 12week + RBV data being derived predominantly from clinical trials, whereas the 24-week data was ascertained predominantly from real-world studies in more advanced, cirrhotic patients. A single 24-week study of SOF + LDV ± RBV did not stratify results by RBV use, and there was only one 24-week SOF + VEL study arm in the review dataset (ASTRAL-4, without RBV) [25] . Since the latter study was done in decompensated cirrhotic patients, a comparatively low SVR12 was observed, and thus comparison with 12week + RBV data would provide few, if any, meaningful insights. Given the expense of 24-week treatment without RBV in comparison to 12-week treatment without RBV, it is unlikely that gaps in the data will be addressed as newer treatments come along that might be successful without RBV. In our analysis, cirrhosis and decompensated cirrhosis were considered as a unit (whereas cirrhosis encompasses a heterogenous spectrum of stages once portal hypertension and oesophageal varices become evident; relatively few data were available for decompensated cirrhosis). Hence, optimal regimens for patients with less advanced cirrhosis, cirrhosis with evident portal hypertension, and cirrhosis with decompensated liver disease could not be determined with any certainty. However, decompensated patients generally do not fare as well as patients with Child-Pugh A cirrhosis. In 10 eligible studies, SVRs in decompensated cirrhosis ranged from 40 to 88%, irrespective of regimen/duration (data not shown). Nonetheless, it remains important to treat a large residual cohort of decompensated cirrhotic patients worldwide because of (i) the possibility of amelioration of the liver disease after a cure, and (ii) the absence of liver transplantation as an option for most patients, before elimination of infection and disease can be envisaged (given the cost of drugs and potential scale of undiagnosed patient populations).
Within the time-frame constraints of this systematic review, we were unable to compare recently abstracted but now licensed regimens for GT3, including SOF + VEL + VOX (POLARIS-3) [26] , PIB + GLE for 12 or 16 weeks in HCV GT3 and cirrhosis (SURVEYOR II) [27] , or SOF + GZR + EBR (C-ISLE) [28] ; however, response rates were favourable, ranging from 91 to 100%, suggesting that new, second wave, or double or triple regimens will bring treatment of GT3 to parity with outcomes for other genotypes.
RBV seems to have less of an impact in improving SVR12 rates when incorporated into the newest regimens (comprising PIB + GLE, VEL + SOF, and DCV + SOF) than as a component of older regimens. RBV had a particularly large effect on improving SVR12 rate when added to OBV + PTV/r + SOF, although overall effectiveness remained poor Cohorts were considered non-cirrhotic if 0% of patients were cirrhotic. Where SVR12 values of 100% are presented, this may be due to clinical trials that were exclusively HIV-positive or -negative, exclusively treatment-experienced or -naïve, or exclusively cirrhotic or non-cirrhotic (SVR12 of 50%). SVR12 rates for SOF + RBV seem similar to those for Peg-IFN + RBV, but SVR12 for IFN + SOF + RBV was 17% lower in HIV-negative (83%) than in HIVpositive patients (100%), and substantially lower for SOF + RBV in HIV-negative versus HIV-positive patients (58.5% vs. 80.4%). However, these RBV-related, HIV statusstratified differences may be due to variation in study design and/or statistical fluke, and no hard conclusions can be drawn from the results. In one small study, RBV addition was also detrimental to SVR12 when added to OBV + PTV/r + SOF, causing a 10% reduction in the rate, suggesting that further studies might be needed in some of the newer regimens still under investigation.
Slightly lower SVR12 rates observed in the real-world data are likely to reflect factors such as greater patient heterogeneity and poorer treatment adherence in the realworld versus clinical trials, exclusion of high-risk groups, and overall better level of care in clinical trials as compared with that in actual clinical practice. It should also be noted that, during the period of data identification/extraction, physicians tended to have prioritised treatment of patients with more advanced liver disease, who are known to be less likely to achieve SVR. Therefore, observational studies in this period would have been weighted to include patients who were more difficult to treat. Some real-world data were obtained from several compassionate use Data from study(s) in which stratification by RBV use was not recorded programmes, which focused on patients with advanced disease, including those with decompensated cirrhosis. The strengths of this review include a rigorous implementation of the PRISMA approach, the large number of citations identified/analysed, systematic and rational reasons for exclusion of citations, breakdown of critical factors (e.g. RBV use, inclusion of subgroups -HIV coinfection, cirrhosis, treatment experience), and comprehensive, robust statistical analysis of the extracted data. The inclusion of both real-world data and clinical trial data allows demonstration that real-world data support the findings of clinical trials, confirming the trend towards higher SVR12 rates with newer DAAs, and the role of RBV in all the regimens analysed.
This review is limited in being tightly focused on effectiveness; as such, it does not assess safety, the impact of baseline resistance, quality of life, or any other longterm factors. We were unable to compare efficacy against GT3 subtypes or GT3 emanating from the Asian subcontinent or elsewhere; genotypic, phenotypic and host responses may differ. The number of studies eligible for analysis was also small (1-2 studies) in some instances, e.g. for OBV-, LDV-, and GZR-containing regimens. However, the field of HCV treatment is a dynamic and constantly changing landscape: a number of agents that were unlicensed at the time of this analysis are now available, and for others development has ceased [21, 29] .
Owing to necessary grouping of subgroups of interest (HIV co-infection, cirrhosis, treatment experience), difficulties emerged upon analysis; for example, out of necessity, we had to extract data from clinical trials or real-world studies that grouped patients with GT3 together with patients infected with other HCV genotypes. More recently, clinical trials have restricted inclusion to patients with only GT3for example, the POLARIS 3, ENDURANCE 3, SURVEYOR 2, ASTRAL-2, and ASTRAL-3 studies. However, the present analysis nevertheless provides a comprehensive and careful analysis of the efficacy of current DAA regimens for GT3, and draws attention to the availability of interferon-free regimens for this group of patients. Another challenge was the definition of cirrhosis, which was heterogeneous in the studies included, with both invasive and non-invasive methodologies used. This resulted in a wide spectrum of cirrhotic states/severity in our dataset, which is likely to have impacted upon SVR12 rates. Another population largely absent from our dataset was GT3 patients with renal disease and/or renal failure represent a population that the review dataset lacks; more recent studies have reported on this population [30] [31] [32] [33] [34] [35] [36] [37] [38] , From a statistical perspective, the outputs supporting the forest plots include individual CIs determined using the Clopper-Pearson method [18] , which is the default method in the metaprop package used. However, because individual CIs were not a component of the deliverables of the pooled analysis, it was not investigated whether this constituted a good choice for percentages approaching 100, which were observed for many SVR12 rates, particularly among the newer regimens.
Guidelines for HCV management reflect a consensus of expert opinion informed by evidence and data, but they are not necessarily developed based on rigorous, systematic review, hence this attempt to bridge the gap. It will be the place of national and international scientific societies to provide updated guidelines. However, in our analysis, encouraging efficacy results for GT3 infection were observed for several new DAA regimens, including SOF + DCV, SOF + VEL, SOF + VEL + VOX, PIB + GLE, and GZR + RZR + MK-3682 (although the latter has now been withdrawn [21] ). These data provide conclusive evidence to guide recommendations and sugges that there is no longer a need for interferon-based regimens for GT3. We anticipate that our results will help national and international scientific societies to continue to make dynamic and firm recommendations for the optimum use of DAA regimens, with and without ribavirin, in both treatment naïve and treatment-experienced GT3 patients with and without cirrhosis [39] .
Conclusions
This systematic analysis provides a detailed comparison of DAA regimens with improved potency against GT3 hepatitis C, including those incorporating guidelinerecommended and as yet unlicensed DAAs. These regimens improve SVR rates overall for this genotype and deliver an evolution of treatment for patients with HCV GT3. Notwithstanding the efficacy of SOF + Peg-IFN + RBV, our review of the data provides evidence that this Peg-IFN-based regimen can be effectively superseded by DAA regimens for GT3 treatment.
Whether RBV should be added to regimens containing PIB + GLE or SOF + VEL (and the optimal duration) for treatment-experienced cirrhotic patients, or to salvage regimens for retreatment of patients with NS5A resistanceassociated substitutions remains an open question. We did not review efficacy for retreatment in this review because such analysis would require a separate systematic review. Most of the DAA regimens studied in the period covered by the present review were used for patients who had failed pegylated interferon and ribavirin, sofosbuvir, or sofosbuvir and ribavirin; the data for retreatment of GT-3 NS5A, protease or NS5B inhibitors are only now maturing. Several trials were published after the cut-off date for this analysis, but as late as May 2017, there were no approved rescue regimens for such patients. Trials of newer combinations such as SOF + VEL, SOF + VEL + VOX, GLE + PIB, GLE + PIB + SOF are in progress, but development of GZR + RZR + MK-3682, GZR + RZR + SOF, and AL-335 + odalasvir + SIM has been halted [1, 21, 29, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] .
